Introduction {#Sec1}
============

Directed enzyme prodrug therapy (DEPT) is a drug delivery technique that uses enzyme-directed chemotherapeutic prodrugs to enhance tissue-specific drug accumulation and limit off-target cytotoxicity via enzymatic conversion of prodrug to active drug \[[@CR1]--[@CR3]\]. However, DEPT is complicated by the bystander effect; a phenomenon whereby the drug payload, once liberated by complementary enzyme, can diffuse to interact with adjacent off-target bystander cells in local proximity \[[@CR4]\]. The bystander effect is particularly problematic in cancer due to the expression of transport proteins, including members of the adenosine-binding cassette (ABC)-transporter superfamily, which traffic small-molecule xenobiotics from within cancer cells to the extracellular space via a myriad of active transport processes collectively termed drug efflux \[[@CR5]\]. Building on these findings, our group proposed a strategy termed bystander-assisted immunotherapy (BAIT) that extends the concept of DEPT to immunostimulant payloads by activating nearby immune cells via the bystander effect (Fig. [1a](#Fig1){ref-type="fig"}). To this end, we developed an enzyme-directed immunostimulant (EDI) prodrug motif, which is metabolized by cancer cells, resulting in immunogenicity that is *enhanced* by drug efflux and the bystander effect \[[@CR6], [@CR7]\]. In first-generation EDIs, the immunostimulant imiquimod \[[@CR8]\] was chosen for its synthetic simplicity rather than potency, and the enzyme-directing groups were specifically matched to cancer cell model systems that overexpressed complementary enzyme and transport proteins required for BAIT.Fig. 1Overview of Bystander-Assisted Immunotherapy (BAIT).**a** The mechanism of action underlying BAIT: (i) An enzyme-directed immunostimulant (EDI) prodrug is taken up by cancer cells, and (ii) enzymes within cancer cells metabolize EDI prodrug to active immunostimulant. (iii) The active immunostimulant is effluxed from within cancer cells to the extracellular space. (iv) Effluxed immunostimulant activates bystander immune cells, which (v) initiate an immune response in local proximity to the cancer cells. **b** Overview of first-generation EDIs (IMQ-Gal and IMQ-Man) and the EDIs developed in this work, EDI (**7**), (**10**), and (**13**). Each EDI was tested for conversion to immunostimulant by exogenous enzyme or by cancer cell metabolism followed by drug efflux. In this work, we determine the effect of using different enzyme substrates in EDIs across cancer cell lines of varied expression of complementary enzyme.

The present study builds on our previous work by comparing the performance of a small catalog of more potent EDIs across multiple enzyme-directing groups and cancer cell lines without a priori matching to complementary enzyme expression. For the immunostimulant payload, we use the imidazoquinoline immunostimulant resiquimod (RSQ), an agonist of innate immune cell Toll-like receptors (TLRs) 7 and 8 featuring established anticancer efficacy \[[@CR9], [@CR10]\], nanomolar potency \[[@CR11]\], and a well-defined structure--activity relationship \[[@CR12]\]. For enzyme-directing groups in our EDI catalog, we selected glycosidase-labile substrates for their general ability to pair with the Warburg effect in cancer cells, which favor glycolysis \[[@CR13], [@CR14]\]. Specifically, we selected β-glucuronidase (β-glu) \[[@CR15]\], α-mannosidase (α-man) \[[@CR16]--[@CR18]\], and β-galactosidase (β-gal) \[[@CR19], [@CR20]\], because we envisioned that the established glycosidase expression and functional activity across many cancer types \[[@CR21], [@CR22]\] would make these glycosidase-directed immunostimulants broadly applicable \[[@CR23], [@CR24]\]. Among these glycosidases, β-glu is unique because it is localized intracellularly in healthy cells but found extracellularly in tumor and necrotic tissues, although it remains unclear whether extracellular β-glu is derived from cancer cells themselves or introduced through other sources such as tumor-infiltrating lymphocytes \[[@CR3], [@CR25], [@CR26]\]. Each glycosidase has been employed as an enzyme target, either in DEPT \[[@CR27], [@CR28]\] or BAIT \[[@CR6], [@CR7]\], but there have been few direct comparisons of different enzyme-directing groups in a single enzyme-directed prodrug system \[[@CR29]\] and, with the exception of the present study, none that compare EDIs. As such, we were interested in comparing EDIs targeted to different glycosidases endogenously expressed across several cancer cell lines. The cancer types chosen for this study were melanoma, prostate cancer, and breast cancer, because they are among the top five most frequently diagnosed cancers in the United States \[[@CR30]\]. In addition, it has been established that imidazoquinolines exhibit antitumor efficacy in mouse tumor models of the corresponding cancer cell lines, specifically for the B16 melanoma \[[@CR31]\], TRAMP prostate \[[@CR32]\], and 4T1 breast \[[@CR33]\] cancers used in this study. The specific activities of the target glycosidases have been reported for some of these cell lines \[[@CR34], [@CR35]\]; however, established expression of a particular glycosidase was not used as a selection criterion. Rather, we anticipated that *differences* in glycosidase activity and drug efflux potential between cancer cell lines would provide insight into which factors affect the cancer-mediated immunogenicity of EDIs in BAIT (Fig. [1b](#Fig1){ref-type="fig"}).

Materials and methods {#Sec2}
=====================

Synthesis of EDIs {#Sec3}
-----------------

Intermediates (**8**) and (**11**) were synthesized according to literature procedure \[[@CR6], [@CR7]\]. EDIs (**7**), (**10**), and (**13**) were synthesized as detailed in Fig. [2](#Fig2){ref-type="fig"} and [Supplementary Information](#MOESM1){ref-type="media"}.Fig. 2Synthesis of EDIs (7), (10), and (13).**a** Base-catalyzed elimination of the methyl ester-protected glucuronide scaffold. **b** Synthesis of β-glucuronidase-directed EDI (**7**). (i) (a) Ac~2~O, pyridine, DCM, rt, 3.5 h; (b) 33% (*w*/*w*) HBr/AcOH, DCM, rt, 3 h; (ii) 4-hydroxy-3-nitrobenzaldehyde, Ag~2~O, MeCN, rt, 4 h; (iii) NaBH~4~, 6:1 CHCl~3~/2-propanol, 0 °C to rt, 5 h; (iv) 4-nitrophenyl chloroformate, pyridine, DCM, 0 °C, 2 h; (v) resiquimod, DIPEA, THF, microwave: 90 °C, 1 h; (vi) (a) Pd(PPh~3~)~4~, aniline, DCM, rt, 3 h; (b) NaOMe, 1:1 THF/MeOH, 0 °C, 3 h. **c** Synthesis of α-mannosidase-directed EDI (**10**). (vii) resiquimod, DIPEA, THF, microwave: 90 °C, 1.5 h; (viii) NaOMe, MeOH, 0 °C to rt, 1.5 h. **d** Synthesis of β-galactosidase-directed EDI (**13**). (ix) resiquimod, DIPEA, THF, microwave: 90 °C, 2.5 h; (x) NaOMe, MeOH, 0 °C to rt, 2.5 h.

Standardization of glycosidase enzyme stock solutions {#Sec4}
-----------------------------------------------------

β-Glu, β-gal, and α-man were filtered through sterile 0.2-µm filters and titrated in RAW-Blue (RB) assays to ensure non-pyrogenicity at the indicated working concentrations. For comparison of glycosidases, we standardized our definition of glycosidase activity such that 1 U is defined as 1.0 µmol/min of liberated 4-nitrophenol at 37 °C from a 1 mM solution of corresponding 4-nitrophenyl β-*D*-glucuronide (β-glu substrate), 4-nitrophenyl β-*D*-galactopyranoside (β-gal substrate), or 4-nitrophenyl α-*D*-mannopyranoside (α-man substrate). For β-glu and β-gal, activity was measured at pH 7.4 in Dulbecco's phosphate-buffered saline (PBS). For α-man, a pH 4.6 acetate buffer was used to match the enzyme's optimal pH. In this way, enzyme stock solutions were standardized at 1 U/mL, which were diluted to provide the working solutions used in subsequent assays.

Cell culture {#Sec5}
------------

Cell lines of B16-F10 (B16) melanoma, TRAMP-C2 (TC2) prostate cancer, 4T1-Luc2 (4T1) breast cancer, and RB macrophages were cultured according to the manufacturer's instructions. RB passages 5--18 were used for all experiments. Because the NF-κB reporter system drifts with passage number, only raw absorbance values within individual figures are comparable. For detailed cell culture procedures and media formulations, see [Supplementary Information](#MOESM1){ref-type="media"}.

RB assay {#Sec6}
--------

Unless otherwise noted, the complete cell media used for this and all following cell experiments is comprised of Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/L glucose, 2 mM *L*-glutamine, and 100 U/mL PenStrep, supplemented with 10% heat inactivated fetal bovine serum (HI-FBS). Activation of RB cells (Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}, Supplementary Figs. [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"}) was performed similar to the manufacturer's instructions with some modifications. Briefly, RB cells were seeded in 96-well plates (1 × 10^5^ cells/well) in 180 µL of complete media. Test solutions (RSQ, enzymatic conversion experiments, and cancer cell supernatants) were filtered through 0.2-µm filters, and 20 µL of each solution was administered to the respective wells to achieve the indicated concentrations at a final volume of 200 µL/well. Plates were incubated for 18 h before measuring NF-κB transcription via secreted embryonic alkaline phosphatase (SEAP) detection protocol.Fig. 3Conversion of EDIs to resiquimod (RSQ) mediated by complementary exogenous glycosidase enzyme.The indicated EDI (10 µM) was incubated with complementary enzyme (red bars/circles) or buffer alone (blue bars/squares) and conversion to RSQ was quantified by LC-MS (left axis). Immunogenicity via NF-κB transcription was assessed at each time interval via RAW-Blue assay (right axis) for **a** EDI (**7**) and β-glucuronidase (β-glu, 0.1 mU/mL, PBS, pH 7.4); **b** EDI (**10**) and α-mannosidase (α-man, 5 mU/mL, acetate buffer, pH 4.6), and **c** EDI (**13**) and β-galactosidase (β-gal, 5 mU/mL, pH 7.4). Samples were incubated (37 °C) for the indicated time intervals before analysis. Error bars are the standard deviation of mean values from triplicate measurements. *P* \< 0.001 for all LC-MS samples with enzyme compared to samples without enzyme at \>6 h incubation time. For RB assay, \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 for EDIs incubated with enzyme compared to EDIs incubated with PBS or acetate buffer alone as indicated.

SEAP detection protocol {#Sec7}
-----------------------

SEAP detection media (1.168 mg/mL 5-bromo-4-chloro-3'-indolylphosphate *p*-toluidine salt in 1 M aqueous diethanolamine) was used to measure SEAP for all RB Assays. To an optically transparent bottomed 96-well plate, 180 µL of SEAP detection media was added to each well. Next, 20 µL of supernatant from the RB assays above was added to each well, and the plates were incubated for the amount of time necessary to achieve significant positive control absorbance (1--6 h). Plates directly compared within each experiment were incubated for the same amount of time. Following incubation, the absorbance of each well was measured at 620 nm. Experiments were performed in triplicate, and where indicated in the text, a blank was subtracted from the values reported. Where indicated, absorbance values were normalized using the absorbance from RSQ-positive control as the maximum value and absorbance from the media blank as the minimum value.

Liquid chromatography--mass spectrometry (LC-MS) quantification protocol {#Sec8}
------------------------------------------------------------------------

LC-MS/MS chromatography was performed using a Kinetex^®^ C18 column (100 mm × 2.1 mm, 2.6 μm). Enzyme reactions were separated using a gradient of 0.05% formic acid and 0.2% acetic acid in H~2~O (Mobile Phase A) and 90% acetonitrile, 9.9% H~2~O, and 0.1% formic acid (Mobile Phase B). Quantification of EDI metabolites was performed using an API 4000 Q-Trap MS system in positive mode relative to phenacetin internal standard according to published protocol \[[@CR36]\].

Combined LC-MS/RB assay {#Sec9}
-----------------------

To affect enzymatic hydrolysis of (**7**), 180 µL of a working solution of β-glu (0.11 mU/mL in PBS) was added to wells in a 96-well plate alongside wells that contained only PBS (no enzyme). Next, 20 µL of (**7**, 100 µM in PBS) was added to each well and incubated at 37 °C. To affect the enzymatic hydrolysis of (**10**), 180 µL of a working solution of α-man (5.6 mU/mL in acetate buffer, pH 4.6) was added to wells in a 96-well plate alongside wells that contained only acetate buffer (no enzyme). Next, 20 µL of (**10**, 100 µM in acetate buffer) was added to each well and incubated at 37 °C. To affect enzymatic hydrolysis of (**13**), 180 µL of a working solution of β-gal (5.6 mU/mL in PBS) was added alongside wells that contained only PBS (no enzyme). Next, 20 µL of (**13**, 100 µM in PBS) was added to each well and incubated at 37 °C. The 96-well plates were incubated at 37 °C for the time intervals indicated. At each time interval, assay solution (1 µL) was removed, diluted to 40 µL with PBS, and 20 µL of this diluted assay solution was used in the RB assay protocol (25 nM final total concentration of EDI+RSQ). The remaining assay solution was quenched by addition of 65 µL of 1 M formic acid containing 25 µM phenacetin (LC-MS internal standard) and analyzed for corresponding EDI and RSQ by LC-MS.

Cell-mediated conversion of reporter glycosidase substrates {#Sec10}
-----------------------------------------------------------

Cancer cells or RB macrophages were seeded at 5 × 10^5^ cells/well in 24-well plates in complete cell media (900 μL) using DMEM without phenolphthalein. The plates were incubated at 37 °C for 6 h. Next, 100 μL of stock glycosidase substrate solution (5 mM; 4-nitrophenyl β-*D*-glucuronide, 4-nitrophenyl α-*D*-mannopyranoside, or 4-nitrophenyl β-D-galactopyranoside) was added to the homogenous cell suspensions, resulting in a 0.5 mM substrate concentration in each well. Plates were incubated (37 °C), and at the indicated time intervals (Fig. [4a](#Fig4){ref-type="fig"}), samples were collected and centrifuged (300 × *g* for 5 min). Supernatants were transferred to an optically transparent bottomed 96-well plate and ultraviolet--visible light (UV-Vis) was used to measure the absorbance of 4-nitrophenol (405 nm) liberated at each time interval. This was performed for all cell lines with each glycosidase substrate in triplicate.Fig. 4Characterization of functional enzyme activity, P-gp expression, and efflux of Rh123 in cancer cell lines.**a** Each glycoside reporter (1 mM) was incubated with cancer cells before measuring liberated 4-nitrophenol via absorbance (405 nm) at the indicated time intervals. **b** 4-Nitrophenyl β-glucuronide was incubated with cancer cell lysate before measuring liberated 4-nitrophenol via absorbance (405 nm) at the indicated time intervals. Error bars in **a** and **b** represent the standard deviation from the mean for triplicate measurements. **c** P-gp expression was measured by Western blot in 1 WT MDCK, 2 MDR MDCK, 3 TC2 (2.5 × 10^5^--5 × 10^5^ cells), 4 TC2 (1.5 × 10^7^--2 × 10^7^ cells), 5 B16 (2.5 × 10^5^--5 × 10^5^ cells), 6 B16 (1.5 × 10^7^--2 × 10^7^ cells), 7 4T1 (2.5 × 10^5^--5 × 10^5^ cells), or 8 4T1 (1.5 × 10^7^--2 × 10^7^ cells). **d** Histograms of cancer cell Rh123 fluorescence (*x*-axis) measured by flow cytometry (*λ*~ex~ = 507 nm, *λ*~em~ = 529 nm). Cancer cells were incubated with Rh123 (1 µM) and subsequently with RSQ (1 or 100 µM) or PSC 833 P-gp inhibitor (1 µM). Red dashed lines are used as a reference to cells loaded with Rh123 alone. Histograms are representative of experiments performed in hexaplet. **e** Mean fluorescence intensity of Rh123 retention normalized with respect to cells loaded with Rh123 alone. Error bars are the standard deviation of normalized mean values. \*\**P* \< 0.01, \*\*\**P* \< 0.001, and ns = no significance for the indicated sample/cell type compared to cells loaded with Rh123 alone.

Cancer cell lysate conversion of 4-nitrophenyl β-*D*-glucuronide {#Sec11}
----------------------------------------------------------------

Cancer cells (5 × 10^5^) were centrifuged (300 × *g* for 5 min), and the supernatant was discarded. The cells were resuspended in 1 mL of cold lysis buffer (5 mM EDTA, 150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, pH 8.0). Samples were incubated on ice for 20 min and then centrifuged (5580 × *g* for 10 min). Aliquots of supernatant (180 µL) were transferred to an optically transparent bottomed 96-well plate, and 4-nitrophenyl β-*D*-glucuronide (20 µL, 10 mM) was added. Samples were incubated at 37 °C for the indicated time intervals (Fig. [4b](#Fig4){ref-type="fig"}). The absorbance of the supernatant was analyzed by UV-Vis to measure the absorbance of liberated 4-nitrophenol (405 nm) at each time interval. This experiment was performed in triplicate for all three cancer cell lines.

P-glycoprotein (P-gp) expression in cancer cell lines {#Sec12}
-----------------------------------------------------

Total protein concentration for standardized plasma membrane preparations of Madin-Darby canine kidney (MDCK) and multidrug-resistant (MDR) MDCK cells was determined using a Pierce BCA Protein Assay Kit according to the manufacturer's instructions. Total protein (30 μg) isolated from MDCK or MDR MDCK cells was used as a positive control. Similar preparations were made from B16, TC2, and 4T1 cells at low (2.5 × 10^5^--5 × 10^5^) and high (1.5 × 10^7^--2 × 10^7^) cell counts. The samples were separated on a 4%--15% Tris--HCl gradient polyacrylamide gel and electrotransferred to polyvinylidene fluoride membrane. The membrane was incubated in blocking buffer (5% nonfat dry milk in PBS with 0.1% Tween 20) for 1 h at room temperature. The membrane was then incubated with P-gp detection antibody C219 (Thermo Fisher) overnight at 4 °C, washed (0.1% Tween 20 in PBS), and incubated with alkaline phosphatase-conjugated secondary antibody (Promega) for 30 min at 25 °C. The membrane underwent a final wash before staining using Immune Star AP substrate (Bio-Rad) according to the manufacturer's instructions (Fig. [4c](#Fig4){ref-type="fig"}).

Cancer cell efflux assay {#Sec13}
------------------------

Cancer cells were seeded in 6-well plates (2 × 10^5^ cells/well) in 1 mL of complete media and allowed to adhere by incubating at 37 °C for 12 h (\~70% confluency). Cells were then loaded with 1 μM rhodamine 123 (Rh123) followed by incubation at 37 °C for 1 h. Next, cells were loaded with RSQ (1 or 100 μM), 1 μM of P-gp inhibitor PSC 833 (positive control), or complete media (negative control). Cells were then incubated (30 min at 37 °C) before washing with PBS (1 mL), trypsinizing with Trypsin-EDTA solution, and neutralizing using Trypsin neutralizing solution (5% HI-FBS in PBS). The resulting cell suspensions were centrifuged (300 × *g* for 5 min), and cell pellets were suspended in 300 μL FACS solution (PBS, 2% HI-FBS, 1 mM EDTA, 0.1% NaN~3~) before analysis by flow cytometry to measure intracellular Rh123. Gates for each cell population were set (Supplementary Fig. [S4](#MOESM1){ref-type="media"}), and 5000 events were collected inside the gate (Fig. [4d](#Fig4){ref-type="fig"}). This experiment was performed in hexaplet for all three cancer cell lines. Mean fluorescence intensity from each experiment was normalized relative to cells treated with Rh123 alone (Fig. [4e](#Fig4){ref-type="fig"}).

Cancer-mediated immunogenicity of EDIs {#Sec14}
--------------------------------------

Cancer cells were seeded at 5 × 10^5^ cells/well in 24-well plates in complete cell media and incubated at 37 °C for 6 h. RSQ or EDIs (**7**, **10**, or **13**) were added to wells containing either cancer cells or cancer cell media to yield a final concentration of 250 nM, and samples were incubated at 37 °C for 48 h. The cancer cell supernatant (20 µL) was then transferred to a 96-well plate containing 180 µL of RB cells and quantified using the RB assay and SEAP detection protocols above. Immunogenicity of EDIs (measured as absorbance at 620 nm) was normalized by using RSQ as the maximum and cancer cell media as the minimum absorbance values (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Cancer-mediated immunogenicity of EDIs demonstrated by RAW-Blue assay of cancer cell supernatant.**a** Schematic of the workflow for experiments testing the cancer-mediated immunogenicity of EDIs. **b** RSQ (red, 250 nM) or EDIs (250 nM) were incubated with cancer cells or cancer cell media alone (48 h, 37 °C). Supernatant immunogenicity of each sample was assessed via NF-κB transcription in a RB assay. Error bars are the standard deviation of mean values for experiments performed in triplicate and normalized with respect to the RSQ control and cell media blanks: \**P* \< 0.05 and \*\**P* \< 0.01 for experiments compared to EDI incubated with media alone.

Statistical analyses {#Sec15}
--------------------

All data are presented as mean ± SEM. All experiments were performed at least three times. Statistical significance for all comparisons was done using a two-tailed *t* test assuming unequal variances.

Results {#Sec16}
=======

Synthesis of EDI prodrugs {#Sec17}
-------------------------

We first set out to synthesize EDIs that could be converted to RSQ immunostimulant by complementary β-glu, α-man, or β-gal enzyme. Initial attempts at synthesizing β-glucuronide EDI (**7**) from methyl bromo-2,3,4-triacetylglucuronate were met with difficulty due to the proclivity of this substrate to undergo 4,5 elimination under even mild basic conditions (Fig. [2a](#Fig2){ref-type="fig"}). To circumvent this, synthesis of (**7**) began with the preparation of allyl-*D*-glucuronate (**1**) from D-(+)-glucuronic acid according to literature procedure (Fig. [2b](#Fig2){ref-type="fig"}) \[[@CR37]\]. This was followed by peracetylation and anomeric bromination to yield protected glycosyl donor (**2**). Koenigs--Knorr *O*-glycosylation with 4-hydroxy-3-nitrobenzaldehyde afforded (**3**) with clean control over the anomeric stereochemistry, followed by reduction with NaBH~4~ to provide (**4**). The alcohol (**4**) was treated with 4-nitrophenyl chloroformate to yield activated carbonate (**5**), followed by microwave-assisted carbamoylation with RSQ to afford (**6**). Deprotection of (**6**) required two sequential steps: (1) Tsuji--Trost deallylation followed by (2) Zemplén deacetylation to provide (**7**) via a route that effectively circumvented elimination. Overall, the synthesis of (**7**) was achieved in 8 linear steps with a total yield of 2.4% from allyl-*D*-glucuronate (**1**). Synthesis of the α-mannopyranoside (**10**) and β-galactopyranoside (**13**) EDIs began with preparation of activated 4-nitrophenyl carbonates, (**8**) and (**11**) respectively, according to previously reported chemistry \[[@CR6], [@CR7]\]. Microwave-assisted carbamoylation between these compounds and RSQ cleanly afforded the protected EDIs (**9**) and (**12**). Zemplén deacetylation provided EDIs (**10**) and (**13**) in 2 steps from reported intermediates with yields of 48% and 26%, respectively (Fig. [2c, d](#Fig2){ref-type="fig"}).

EDIs are metabolized to RSQ by complementary exogenous glycosidase {#Sec18}
------------------------------------------------------------------

Following the synthesis of each EDI, we tested to see whether these compounds could liberate RSQ selectively in the presence of complementary glycosidase. At a molecular level, glycosidase-mediated conversion of EDIs to RSQ was monitored by LC-MS. In addition, we measured the immunogenicity of the reaction metabolites via stimulation of RB macrophages, a reporter immune cell line known to express TLRs 7/8. Activation of TLRs 7/8 leads to NF-κB transcription that, in RB cells, is linked to SEAP production, which can be quantified by a colorimetric assay \[[@CR38]\]. Prior to incubation with EDI, the amount of glycosidase used was optimized (via titration in RB assays) to eliminate any background immunogenicity caused by the enzyme. Thus β-glu was used at a final activity of 0.1 mU/mL, while α-man and β-gal were used at 5 mU/mL (for standardization of enzyme activity, see Materials and methods). Minimal conversion of each EDI to RSQ occurred over 48 h in PBS (pH 7.4) or acetate buffer (pH 4.6) without enzyme, and EDIs without enzyme did not activate RB cells. However, in the presence of complementary glycosidase, all EDIs were converted to RSQ in quantities that could activate RB cells within 20 h (Fig. [3](#Fig3){ref-type="fig"} and Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Additional experiments with mismatched glycosidases and EDIs were also performed (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). While most mismatched combinations exhibited diminished immunogenicity, it was found that β-glu-directed EDI (**7**) could also elicit an immune response in the presence of β-gal. To ensure that our β-gal stock was not contaminated with β-glu, we tested it with the highly sensitive and specific fluorometric β-glu substrate, 4-methylumbelliferyl β-glucuronide. This experiment revealed no β-glu activity in our β-gal (Supplementary Fig. [S3](#MOESM1){ref-type="media"}).

Cancer cell lines feature varied levels of glycosidase activity {#Sec19}
---------------------------------------------------------------

To determine how the functional glycosidase activities in each cancer cell line affects cancer-mediated immunogenicity from EDI prodrugs, we measured the relative enzyme activity in each cancer cell line using reporter molecules for functional β-glu, α-man, and β-gal (4-nitrophenyl β-glucuronide, α-mannopyranoside, and β-galactopyranoside). Of the three glycosidase reporters, the α-man substrate liberated the most 4-nitrophenol in every cell line after 48 h (Fig. [4a](#Fig4){ref-type="fig"}). Relative to the α-man substrate, the β-gal substrate liberated 40% ± 4%, 45% ± 2%, and 56% ± 3% of 4-nitrophenol in B16, TC2, and 4T1 cell lines, respectively. The β-glu substrate exhibited minimal conversion to 4-nitrophenol in all cancer cell lines (11% ± 0.5%, 0% ± 0.5%, and 5% ± 0.6% relative to α-man substrate for B16, TC2, and 4T1 cell lines, respectively). We envisioned that the minimal conversion of β-glu substrate in cancer cells could either be due to impaired uptake or due to a lack of functional β-glu. To test this, cancer cells were lysed and β-glu substrate was incubated with the cell lysate (Fig. [4b](#Fig4){ref-type="fig"}). In this case, enhanced liberation of 4-nitrophenol was observed, indicating the presence of intracellular β-glu and supporting our hypothesis that cell entry is hindered for the β-glu substrate in cancer cells.

Cancer cell lines efflux RSQ through multiple pathways {#Sec20}
------------------------------------------------------

In order to investigate the efflux of RSQ from cancer cells, we first looked for P-gp expression in each cancer cell line by Western blot (Fig. [4c](#Fig4){ref-type="fig"}) \[[@CR39]\]. P-gp was detected in TC2 and B16 cells but not in 4T1 cells. We then measured retention of Rh123 (P-gp substrate) in cancer cells alone or in the presence of RSQ or PSC 833 (P-gp inhibitor) by flow cytometry (Fig. [4d](#Fig4){ref-type="fig"}, Supplementary Fig. [S5](#MOESM1){ref-type="media"}). Interestingly, PSC 833 caused a slight but statistically significant (*P* \< 0.01) decrease in Rh123 retention for B16 cells; however, Rh123 retention was increased 2-fold and 1.5-fold in the presence of inhibitor in TC2 and 4T1 cells, respectively (Fig. [4e](#Fig4){ref-type="fig"}). We then monitored the impact of RSQ on the efflux of Rh123. At low loading concentrations of RSQ (1 µM), a modest decrease in Rh123 fluorescence was observed in all cell lines, indicating that RSQ is not a competitive substrate for Rh123 efflux at equimolar concentrations in any cancer cell line tested. However, at higher RSQ loading (100 µM), an increase in Rh123 retention was observed in TC2 cells but not in B16 or 4T1 cells.

Cancer cells elicit immunogenicity from EDIs via BAIT {#Sec21}
-----------------------------------------------------

The performance of each EDI in a BAIT model system was compared by treating cancer cells with EDIs (**7**, **10**, and **13**) and measuring the immunogenicity of the cell supernatant in RB macrophages (Fig. [5a](#Fig5){ref-type="fig"}). EDIs exhibited minimal immunogenicity in cancer cell media alone. Each cancer cell line caused varied degrees of immune cell activation from the EDIs (Fig. [5b](#Fig5){ref-type="fig"}). B16 cells provided greater immunogenicity than the other cell lines with every EDI. TC2 and 4T1 cells provided comparable but lower levels of immunogenicity from each EDI despite the large differences in functional glycosidase activity as measured with the 4-nitrophenol reporter substrates. Interestingly, no differences in immunogenicity were observed between different EDIs in any given cancer cell line.

Discussion {#Sec22}
==========

Following synthesis of EDIs (**7**), (**10**), and (**13**), we determined, via RB assay, that attachment of enzyme-directing groups abrogated immune cell activation and that addition of exogenous complementary glycosidase restored immunogenicity. This assay, in tandem with LC-MS, demonstrates that immunogenicity results from hydrolysis of the EDI enzyme substrates to liberate free RSQ immunostimulant. In addition, we demonstrated that EDIs are specifically metabolized to RSQ by their complementary glycosidase, except for the β-glu EDI (**7**) that was also metabolized by β-gal. Because both β-gal and β-glu are sourced from *Escherichia coli*, we initially suspected that our β-gal stock could have residual β-glu activity. However, testing our β-gal stock with a fluorometric β-glu substrate proved that there was no cross-contamination. Therefore, we concluded that (**7**) is a substrate for both β-glu and β-gal, likely stemming from active site homology between the two enzymes \[[@CR40]\].

After exploring enzymatic hydrolysis and subsequent immune cell activation of the EDIs, we next measured the relative functional glycosidase activity in the chosen cancer cell lines to determine whether EDI immunogenicity correlates to in vitro glycosidase activity. We chose the 4-nitrophenyl glycoside reporter substrates because the 4-nitrophenol reporter molecule is conserved between each substrate, and therefore efflux of the 4-nitrophenol reporter would be identical between glycosidase substrates in a given cell line. We envisioned that this experiment would lend insight into the behavior of each EDI as it pertains to relative conversion by functional enzyme in each cancer cell type. Across all cancer cell lines, the α-man substrate was converted to the greatest extent, while conversion of the β-glu substrate was negligible. Based on previous reports, we suspected that the β-glu substrate may have difficulty permeating the cells due to the negatively charged carboxylate moiety, thereby obscuring the true amount of functional intracellular β-glu \[[@CR26]\]. Elevated conversion of the β-glu substrate by cancer cell lysate confirmed the presence of intracellular β-glu and supports the hypothesis that the glucuronide moiety hinders cellular uptake of the 4-nitrophenyl β-glucuronide reporter molecule. Taken together, these experiments demonstrated that choice of enzyme-directing group affects the conversion rate of enzyme-directed substrates in each cell type. This also suggested that (**7**) would elicit relatively low cancer-mediated immunogenicity and (**10**) should outperform the other EDIs due to the increased activity of α-man in each cell line.

After comparing functional enzyme activity across cancer cell lines, we next examined the efflux of RSQ from cancer cells, as the RSQ payload is the product of enzymatic conversion common to EDIs (**7**), (**10**), and (**13**). It is well established that cancer cells use multiple drug efflux pathways to transport drugs from within cells to the extracellular space, including ABC transport proteins P-gp \[[@CR41]\], breast cancer resistance protein 1 \[[@CR42]\], and multi-drug resistance protein 1 \[[@CR43]\]. Our group previously demonstrated that the imidazoquinoline, imiquimod, competes for efflux with the known P-gp substrate, Rh123 \[[@CR44]\] in drug-resistant rat prostate cancer cells \[[@CR7]\]. Although both imiquimod and RSQ are of the imidazoquinoline family, slight structural modifications can greatly impact P-gp-mediated efflux \[[@CR45]\], and RSQ efflux from cancer cells has never been reported. Thus we were interested in determining whether RSQ was a substrate for the previously characterized efflux potential of B16 \[[@CR46]\], TC2 \[[@CR47]\], and 4T1 \[[@CR48]\] cancer cells. Specifically, we were interested in testing RSQ competition with P-gp-mediated efflux of Rh123 due to the broad substrate scope and prevalence of P-gp in many types of cancer \[[@CR49]\]. Competition experiments with Rh123 suggested that RSQ is effluxed via P-gp-mediated routes in TC2 cells because RSQ causes more intracellular Rh123 to be retained. Efflux occurs through P-gp-independent routes in B16 cells and possibly P-gp-dependent or independent routes in 4T1 cells, where P-gp expression was too low to be detected by Western blot but efflux was sensitive to addition of P-gp inhibitor. Together, these results suggest that RSQ is a competitive substrate for P-gp-mediated Rh123 efflux, particularly in TC2 cells, but that RSQ efflux occurs through P-gp-independent routes in B16 and 4T1 cells.

With functional glycosidase activity and RSQ efflux potential of each cancer cell line characterized, we next tested cancer cell-mediated immunogenicity of each EDI to determine how enzyme activity and efflux potential correlates to immunogenicity in BAIT. Of each cancer cell/EDI combination, B16 cells elicited the greatest immunogenicity from all EDIs compared to other cancer cell lines. On the other hand, the immunogenicity elicited by TC2 and 4T1 cells was substantially lower, despite the observation that 4T1 cells featured the greatest α-man and β-gal activities of any cell lines tested. Overall, these results demonstrate that the cancer-mediated immunogenicity of EDIs in these cancer cell lines appears not to directly correlate with the functional activity of each glycosidase. In addition, although RSQ competes with Rh123 efflux in P-gp-expressing TC2 cells, the P-gp-mediated RSQ efflux experiments do not correlate with the observed immunogenicity of EDIs across cancer cell lines.

Overall, we report the preparation and in vitro testing of a small catalog of EDIs featuring the potent immunogenic payload RSQ. We demonstrated that these EDIs feature abrogated immunogenicity until they are metabolized to immunogenic RSQ in the presence of complementary glycosidase. We used 4-nitrophenyl glycoside reporter substrates to assess the functional activity of complementary glycosidases across multiple model cancer cell lines, thereby providing insight into how EDIs are metabolized to immunostimulants. The maximum substrate hydrolysis by cancer cells was observed using 4-nitrophenyl α-mannopyranoside, suggesting that (**10**) should be metabolized the fastest and therefore elicit the greatest immunogenicity within each cancer cell line. Conversely, the negligible conversion of 4-nitrophenyl β-glucuronide by each cancer cell line suggested that (**7**) would exhibit impaired cellular uptake and limited cancer-mediated immunogenicity. However, immunogenicity among all EDIs was comparable for a given cell type. Competitive efflux experiments demonstrated that RSQ competes with Rh123 for P-gp-mediated efflux in TC2 cells, with P-gp expression confirmed by Western Blot. In contrast, no competition with Rh123 efflux from B16 cells was observed. Competition between Rh123 and RSQ in 4T1 cells was not significant, likely due to low levels of P-gp expression. Taken together with the observed cancer-mediated immunogenicity of EDIs when used in BAIT, we conclude that RSQ undergoes efflux through both P-gp-mediated and P-gp-independent routes. More work is needed to characterize all possible routes of efflux, as RSQ could be a substrate for several of the many highly promiscuous transport proteins implicated in drug efflux. However, these results do suggest that efflux of the immunogenic payload is the rate-limiting step in BAIT. Therefore, the efflux potential of the target cancer cells, as well as the parent immunostimulant, may be the most important factors to consider when designing the next generation of EDIs. This also suggests that BAIT may be best suited to the treatment of drug-resistant cancers that commonly overexpress drug efflux proteins, and in the future we plan to generate new EDIs that are optimized to exploit drug efflux.
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